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Abstract 
The study of a suite of medium grained sandstones has shown a 
strong correlation between permeability, H1NMR relaxation time 
parameter T1 in pore water, -and porosity (r
2 
= 0.8316). It is 
suggested that permeability is not only a function of connectivity 
but may also depetid on the contribution to viscosity from mineral-
water interactions. The microgeometry of the pore-throat system and 
the physicochemical interaction between pore water and pore surfaces 
in a porous rock are the fur:idamental controls on, and the basis for 
the relationship between., permeability and H1NMR relaxation in pore 
water.. H1NMR relaxation time parameter T1 in pore water is 
stimulated by the presence of pore surface~ and is therefore 
dependent to some degree on po.re geometry. Relaxation is also 
sensitive to solution chemistry and matrix and surface coating 
mineralogy, the same factors that may alter pore fluid visco~ity. 
Paramagnetic ions were found to significantly increase the rate 
of relaxation of proto~s in bulk water. However the concentration of 
paramagnetic material in solution in the sand.stones may have been 
very low, due to the low solubility of the ferric pore surface 
coatings. It is possible that paramagnetic material at the pore-grain 
boundary has acted a~ an additional surficia~ relaxation stimulant, 
reinforcing the relationship between permeability and T1 . 
1 
Introduction 
The microgeometry of pores in a porous media and the chemical 
and physical fac·tors that effect flutd flow through such a media have 
been studied ·intensely during ~he past several decades. Proton 
nuclear magnetic resonance (H1NMR) has recently been used as a method 
for such study (Kenyon et al. ,1986, 1989; Schmidt et al., 1986; 
Banavar et al., 1987; Dashen et al., 1987). H1NMR is a non-
destructive method for probing the interaction of pore fluids with 
pore surfaces in great detail. Relaxation of nuclea·r magneti~ation 
and permeability both depend on the microgeometry of the porous flow 
system and therefore can be related. Previous work has focused on 
the physical nature of the relationship between relaxation rate and 
permeability. This study will examine the relationship from a 
chemical viewpoint. 
Description of NMR 
The NMR effect can be observed in any atom with a nuclear 
magnetic dipole moment (non-zero spin quantum number). The behavior 
of hydrogen in water molecules can readily be studied through NMR. 
The magnetic dipole moments· of individual hydrogen atoms in water 
will ordinarily be randomly oriented.. When ·placed in a magne·tic 
field some of these dipoles will align parallel to the magnetic 
field. While in the magnetic field. of an NMR spectrometer, the 
sample is subjected to a radio frequency (rf) pulse. This energy is 
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absorbed· by the hydrogen atoms a·s they. enter into resonant 
excitation, which involves a high energy spin state. When the ·rf 
pulse ends, the hydrogen atqm will relax to its lower spin state and 
emit rf energy at its reso.nant frequency. From the decay of the 
emitted rf we can calculate parameters T1 and T2 which are related· to 
the rate at which the net magnetization of the sample returns to its 
orig~nal, undisturbed state. When observed in a Cartesian coordinate 
system (Fig.1) T1 is related to the restoration of the Z-.component of 
magnetization after the rf is shut off. This rela~ionship can be 
seen in equation (1), in which Mz is magnetization in the Z 
direction, parallel to the applied magnetic field (Derome, 1987). 
(1) 
T2 is similarly related to the rate of loss of mag!}etization in the 
X-Y plane following the end of the rf pulse (T2 < T1). T2 may be 
obtained from the decay of the rf energy directly. To obtain r1 , 
however, we convert the rf decay from the time domain to the 
frequency ·domain by .fourier transform and perform an inversion 
recovery experiment, as described by Derome (1987) and applied to 
sandstone.s by Kenyon et al. (1989). Although both T1 and T2 are 
important, this project h~s concentrated on the sttidy of T1 . 
We can learn a great deal about the structure and environment 
of water molecules through the study of relaxation times because T1 
is dependent, among other things, on the rotational motion of water 
molecules-. Anything that increases the structure of water or 
3 
z 
X 
z 
y 'f 
% 
y 
-t,-.. 
Mol1-2e • 11J 
Tix -----__;_- t -------
RF PULSE DECAY OF MAGNETIZATION 
(Mz) TOWARDS M0 
z 
y. 
( TI } ---- Ac.quire 2x 
ACQUISITION OF_ 
INFORMATION FOR 
Tl 
(FIG. 1) INVERSION-RECOVERY METHOD (Derome,1987) 
inhibits the rotation .of water molecules will cause more rapid 
reorientation of molecules after the RF pulse is shut off and thus a 
decrease in the characteristic relaxation time. For example, the T1 
for bulk water is approximately 3.0 s, while the same water in Berea 
sandstone has a T1 of approximately O. 3 s (Kenyon et al., 1989), and· 
bound water at a clay surface has a T1 of 1-5 ms .(Fripiat et al., 
1982). This decrease in relaxation time ·is a result of the 
increasing influence of the mineral-water interface. It is in this 
manner that relaxation time can be related to the microgeometrical 
structure of the porous material. 
H1NMR in a Porous Environment 
The rapid decay of magnetization near the mineral-water 
interfa~e is described by Banavar and Schwartz (1987) as killing 
strength (ps). Water at the pore surface is more highly ordered and 
therefore relaxes more rapidly th~n btilk water. This increase in 
order is primarily due to the influence of electrostatic interactions 
of polar water molecules with mineral surfaces at pore boundaries~ 
As grain si~e decreases and the ratio of pore surface area to pore 
volume (As/Vp) increases, we see an incre_ased influence of surface 
effects on relaxation. 
This surface effect is illustrated in work by Fripiat et al. 
(1982), where H1NMR was used to interpret the behavior of water in 
clay suspensions. It was found that two types of water occur, namely 
free water between smectite tactoids and 'bound' water near smectite 
surfaces. ·The relaxation time of the 'bound' or surface water is 
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substantially shorter than the free water due to hindered rotation of 1 
the water molecules in the presence of a potential field applied fro• 
the surface (Schmidt et al., 1986). Fripiat et al. (1982) estimated 
that, on average, three layers of water molecules are affected by a 
clay surface in suspension. 
Similarly, in a porous environment, surfaces may only directly 
affect relaxation in.~ very thin film of water close to the mineral-
water interface. However, the rapid molecular diffusion of H2o 
molecules, driven by Brownian motion, will quiGkly disperse affected 
molecules throughout a much larger region of a pore. Although the 
influence of a single encounter of a water molecule with a surface 
may be small, repeated encounters will compound the surface effe~t 
(Koenig and Brown, 1984). In a small pore, where there is more pore 
surface area in near proximity to the average water molecule, a given 
water molecule is likely to have more random encourtters with surfaces 
than~ water molecule in a large pore. This is the basis for the 
relationship between T1 and the As/Vp ratio. 
Diffusion will increase the domain ove.r which electrostatic 
forces are effective- and smooth spatial gradients in magnetization 
between adsorbed surface water and central bulk water (Koenig and 
Brown, 1985). If diffusion is rapid enough to maintain spatial 
. . . 
uniformity of magnetization, the rela~ation rate will be proportional 
to ·the As/Vp ratio of the entire pore space (Cohen and Mendelson, 
1981). Although the thickness of the water layer influenced by the 
pore surface is dependent on mineralogy and fluid composition, it is 
6 
well-accepted that a mineral surface will influence relaxation in a 
pore fluid to some extent. 
Permeability and Porosity 
Porosity ii the percentag~ of a rock that is void of material. 
These voids or pores are interconnected to some degree by throats 
(Fig.2). Water contained in these pores can m6ve from pore to pore 
under the influence of a field of· fluid potential, leading to the 
ability of the rock to transmit fluid-. This ability of a material to 
transmit a fluid is called permeability (k). A primary control on 
permeability is the interconnectedness of the pores. Permeability is 
highest when throats are large in cross-section and straight. A 
material containing large isolated pores has a high porosity but may 
be impermeable due to lack of connectedness. Some fine grained 
rocks, such as shales, may have a high porosity but the throats 
between pores tend ·to be narrow and tortuous, leading to a low 
permeability (Freeze and Cherry, 1979). 
Permeability and Relaxation 
At first glance the relationship between permeability and 
relaxation rate appears to be primarily a physical phenomenon. Both 
parameters are directly related to the microgeometry of the pore-
throat .system in a porous material. Although permeability i_s 
primarily controlled by the geometry of throats while relaxation is 
dominated by the volume of water in the pores, very convincing 
relationships between the two param~ters have been developed. 
Kenyon et al.(1986) have derived a relationship between k and 
~
4T1
2 from theoretical considerations and have fit _it, as a model, to 
7 
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Figure 2. Schematic diagram of the pore-throat system. Connectivity 
is dependent on the cro~s-sectional area of throats. 
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the data collected from a suite of 56 watei-saturated sandston~s in 
the form logk ~ mlog(¢4r1 2-) + b (Fig. 3). Mor·e recently, the same 
model was applied by Straley et al.(1987) to a suite of 15 synthetic 
fused glass bead models. 
Although previous work has viewed the relationship between the 
relaxation parameter r1 and permeability as primarily a physical, 
geometrical; phenomenon there appear to be chemical influences that 
complicate the relationship. What are the fundamental controls on 
relaxation? What is the effect of varied solution concentration and 
matrix mineralogy on relaxation in a pore? What is the effect of 
varied pH on relaxation? How does paramagnetic material .in solution 
or in a solid matrix in contact with a solution effect relaxation? 
Although this study has focused on the affect of paramagnetics on 
relaxation, all of these questions need to be addressed before we can 
completely understand the relationship between NMR relaxation and 
permeability in the porous environment. 
Clastic sedimentary rocks commonly contain paramagnetic 
transition metals, such as Fe and Mn, in a mineral phase. These 
.paramagnetics may be present as primary minerals, biotite or 
glauconite, or as secondary surficial coatings, such as iron oxide, 
deposited by mobile fluid· phases. Paramagnetics are known to provide 
a mechanism that facilitates more rapid proton relaxation, shortening 
a pore-water's T1 (Cohen and Mendelson, 1981). The purpose of ·this 
study is to investigate the effect of pararnagnetics on the T1 , 
permeability, porosity relationship. 
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, 
Objectives 
1) Examine the petrography of a suite of sandston.e sa,;nples of 
various mineralogy and porosity, noting pore surface characteristi
cs 
and distribution of par'"lmagnetic minerals. 
2) Develop the apparatus and refine the procedures to 
accurately meas.ure the permeability, porosity and ~1NMR relaxation
 
parameter T1 of the sandstones. 
3) Reconstruct, determine the validity of, and give some 
i_nsight into the existence of the .relationship between permeabilit
y, 
porosity, and T1 developed by Kenyon et al.
(1986) for this suite of 
rocks. 
4) Examine the effect of varied concentrations of paramagnetics 
(Fe and Mn) in solution on relaxation parameter T1 of bulk water, and 
relate these findings to the effect that paramagnetics may have on
 
relaxation in a porous environment. 
Methods and Materials 
Sandstone Samples 
Cores were cut from five sandstone samples (Table 1) using a 
water-lubricated 0.894 cm i.d. diamond tip coring bit (Felker). This 
core size was adequate for permeability and porosity measurements 
and 
fit into a 1 cm o.d. thin-wall NMR sample tube (Wilmad 513-PP). 1 
11 
Table 1. Source and location of sandstone samples. 
Sample Source/Location Description 
Berea Grit Wards/Berea OH quartzite 
II 4 7E7030, 32, 34 
Micaceous ss. Wards/Portland CT micaceous sandstone 
II 47E7100,02,04 
Ferruginous ss. Wards/Mojave County AZ red orthoquartzite 
II 47E7125,27,29 
Cloverly Red Hills, WY red orthoquartzite 
Deadwood Deadwood, SD glauconitic sandstone 
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collected several cores from each hand sample ranging in length from 
1.0 to 3.5 cm. Location and orientation of each core was noted upon 
sampling. Most cores were drilled perpendicular to bedding to avoid 
longitudinal fracturing of cores that occurred parallel to ~e4ding. 
Each sandstone was studied and photographed in thin section for 
mineralogical content and general grain size distribution.. Emphasis 
was placed on definitig pore space, and ~xamining surface textures and 
coatings. 
Permeability 
:Experimental 
Intrinsic permeability (k) is· a function of the size of the 
constricted throats through which fluid may flow in a porous medium. 
Intrinsic permeability is conventionally considered to be. independent 
of the pore fluid and is eqt1;al to Kµ/pg, where K is hydraulic 
conductivity,µ is viscosity, pis fluid density, and g is 
gravitational acceleration. After rearranging Darcy's law, Vx = -
K(dh/dx), where Vx is flow velocity and dh/dx is the change in 
hydraulic head along the flow path, permeability may be expressed as 
a function of flow· rate and pressure (eq. 3·, where Q = flow rate in 
cm3s- 1 , µ=dynamic viscosity of fluid in kg cm-ls- 1 , A= cross 
sectional area of the core in cm2 , ·dx = length of core in cm, and dP 
· .-1 -2) 
= change in pressure across the core in kg cm s . 
k = -(Qµ/A)(dx/dP) (3) 
For permeability measurements, a flow cell was designed to hold 
a core 0.894 cm in diameter and 1.0 to 3.5 cm in length (Fig.4). 
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Figure 4. Schematic diagram of ·the fluid introduction system. 
A 0.5M NaCl solution was introduced to the core under pres
sure driven 
by an HPLC pump at a constant flow rate that was varied
 from 0.1 to 
9 . -1 9. mL min . Pressure was monitored by an in-line pres
sure 
transducer at- the flow cell. A saline solution was use
d rather than 
deionized water to prevent flocculation and mobilizatio
n of clays. In 
order to insure that all of the fluid entering the cell
 passes 
through the entire length of the core, the core· was co
mpressed 
radially. First, I wrapped the core in two layers of P
arafilm 
(Fig. 5). Second, the core was wrapped in approximately 25 to 3·0 cm 
of 1/2" Teflon tape, making sure that no tape covered t
he ends of the 
core. Next I slid the wrapped core into the center of 
a piece of 
3/8" i.d. Tygon tubing that was 3 cm longer tha:n the co
re. I 
stretched 5/16" i.d. rubber 0-rings around the Tygon tub
ing and 
placed them every 1/2 cm along the length of the enclos
ed core. Two 
pieces of 3/8" o.d. stainless steel tubing were also wr
apped in 
Par~film and Teflon tape. Finally, I slid the two wrap
ped stainless 
steel tubes into the Tygon that extended beyond each en
d of the core. 
I then _placed this assembly between the two halves of a
n acrylic 
block that .make up the flow cell. A 5/8" hole was bored 
out of the 
center of the block so that when the four carriage bolt
s passing 
through the block were tight_ened the two halves of the 
block were 
pressed together, rad~_ally compressing the core and tub
ing_ assembly 
inside. Two more bolts compressed the assembly longitu
dinally 
between two bulkheads, through which the s·tainless stee
l tubing 
p'?-ssed. 
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Figure 5. Schematic diagram of the flow cell. l)The sandstone core is 
wrapped in parafilm and Teflon tape and inserted into the Tygon 
tubing. 2)The tubing is placed on the bottom half of the acrylic 
block. 3)The stainless steel tubing attached to the bulkhead is slid 
into the tygon. The assembly is compressed radially and 
longitudinally by bolts passing through the acrylic block and 
bulkheads. An identical drainage bulkhead and upper half of the 
acrylic block are not shown. 
Once the flow cell was assembled, I adjusted the pump to a flow 
rate of 0.2 ml min- 1 for initial introduction of the fluid. During 
this process the flow cell was oriented vertically with the outlet 
pointing directly up so that air would be driven out of the assembly. 
When fluid was expelled from the .drain the flow cell was returned to 
the horizontal position and left to stabilize (reach a constant 
pressure) at a constant flow rate fot at least 15 minutes. I 
increased the flow rate in increments of 0.1 to 0.4 ml min- 1 , allowed 
the system to stabilize after each adJustment, and then made a 
pressure measurement. Flow rate was increased until the pump's limit 
of 9.9 ml min-l was reached or le~kage oc~urred, thus terminating the 
experiment. Replicate experiments were performed on most cores, 
however, repetitions on some cores were limited because the cores 
fractured. 
I ran several similar exper.iments with no core in the assembly 
to determine the background pressure within the assembly at each flow 
rate, which was caused by the narrow-bore tubing between the pressure 
transducer and the flow cell. The background pressure was subtract.ed 
from the raw pressure data to give a net pressure that was caused 
solely by restricted flow through the core. All pressure 
measurements reported in this paper are net pressures. 
Data Analysis 
Assuming a dynamic viscosity(µ) of l.12*10- 5 kg cm-l s- 1 and 
cross sectional area (A) of 0.6277 cm2 I derived an expression for 
calculating the permeability (in cm2) of an 0.894 cm diameter core 
(equation 4, where C == µ/A = 1. 78*10- 5 kg cm- 3s- 1 , X = core length). 
17 
2 k = -(QX/P)C = cm (4) 
However, the pressure data were collected in psi and the flow rate
 
data were collected in mL min-·l so unit conversion was necessary. 
Flow rate data were divided by 60 to convert to cm s-
1 and pressure 
data were multiplied by 69.0 to convert to kg cm-
1s- 2 . 
I took the log of equation 4 and solved for log P to form a 
linear equation (eq. 5). 
~og P = log (QXC) - log k (5) 
In plotting -log P vs. log (QXC) I expected a best-fit line with a 
slope ot 1 and a Y-intercept equal to ldg k. Outlying data points 
that caused a deviation from slope= 1 were interactively rejected 
with a regression routine (Statgraphics; STSC~ 1987). Starting with 
only the lowest pressure data, additional higher pressure data wer
e 
incrementally accepted contingent on the maintenance of a slope of
 
1.00 +/- 0.05. If the slope deviated from this constraint· the 
remaining data were dropped. 
After determining which data were acceptaqle, I calculated a 
permeability value for each data point. Based on these 
permeabilities, I calculated a mean permeability for. each experime
nt 
that was run on each core. 
Analyses of variance were applied to the permeability data. At 
the lowest level, variance among repeated experiments on a core we
re 
compared to the variance within an experiment. Variance among cor
es 
from a hand sample was compared to the variance within cores. 
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At the highest level, variance among hand samples was compared to 
variance within hand samples. 
Porosity 
Experimental 
For the purposes of this study, porosity(</>) is the ratio of 
connected pore volume (Ve) to bulk volume (Vb) of a rock (eq.6). 
(6) 
The bulk volume of the core was read1ly determined by placing a 
saturated core in a vo.lume of fluid and meq.suring the volume of 
displaced fluid. Determination of connected pore volume (eq.7) was 
much more involved because the saline solution used to saturate the 
cores deposited salt upon drying. of the core. 
{7) 
In equation 7, msol = mass of solution in the pores in g, and 
Psol = derisity of solution in g rnL-
1
. The mass of the solution in 
th~ pores was determined from the difference between the saturated 
core mass and the d~y core mass. The dry core mass included the mass 
of salt within the pores that precipitated upon d~ying, so equation 7 
was modified to account for the deposited salt (eq.8). 
(8) 
The mass of deposited salt is a function of pore volume, formula 
weight of the salt, and molality of the solution (eq.9). 
(9) 
Equation 9 was substituted into equation 8 to yield equation 10. 
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Ve= [msat -mdry +Vc*Msalt*FWsalt*(.OOl)](Psol-l) (10) 
I solved equation 9 for Ve and substituted it into the right side of 
equation 10 (eq.11). 
Ve= (msat -mdry)/(Psol -Msalt*FWsalt*O.OOl) (11) 
This equation was simplified ·by substituting concentration for the 
product of molality and formula weight (eq .12 ,. where Csalt -
concentration in g L- 1). 
(12) 
Final}y, I substituted equation 12 into equation 6 to solve for 
porosity (eq.13). 
<Pc= [(msat -mdry)/(Psol -Csalt*O.OOl)]/Vb (13.) 
Complete satur~tion of cores was obtained by placing the core in 
the pressure cell and pumping solution through it, at .approximately 
400 psi. This process sho~ld saturate all connected pores that are 
active in fluid flow under the experimental conditions of the 
~ermeability measurements. All porosity measurements were obtained 
using the same 0.5 M NaCl solution used in the permeability 
experiments. All measurements of mass and volume were repeated for 
statistical verification. 
Porosity measurements could not be made on the same cores that 
were used for the NMR experiments because of the unknown effect of 
repeated desiccation on the micro-structure of the porous 
environment. Porosity measurements were made on cores taken adjacent 
to the cores used for the NMR experiments. 
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Data Analysis 
Several cores from each hand sample were repeatedly saturated 
and desiccated to determine whether porosity increases, decreases or 
remains constant after repeated c;lesiccatio·n. Mean porosities of each 
core and hand sample were calculated. The porosity data were not 
extensive enough to justify an analysis of variance. 
NMR Relaxation 
Experimental 
The time coefficient for longi:tudinal relaxation (T1) was 
measured for pore water in a number of saturated sandstone cores and 
several bulk water _solutions. Solutions and cores to be studied were 
placed in 1.0 cm o.d. thin-walled NMR sample tubes and analyzed- in a 
90 MHz NMR instrument (JEOL FX90Q). T1 was calculated by the 
inversion recovery method (Derome, 1987) that was used by Kenyon 
et al.(1989). 
T1 was m~asured on the_ same cores that provided permeability· 
data in .order to eliminate effects of heterogeneity in the hand 
samples. The cores were saturated in 0.5 M NaCl solution(ph=5.6) and 
lightly towel dried to remove excess solution from the core surface. 
Relaxation experiments were repeated 6n several cores for statistical 
verification. 
H1NMR relaxation was studied in aqueous solution (i.e., no 
solid phase present) containing various concentrations of 
paramagnetic ions Fe3+ or Mn3+. Ferric nitrate or manganese nitrate 
were added to a 0.5 M NaCl solution to make solutions ranging from 
21 
·-1 0.4 to 20.0 mgL . In order to eliminate any effects of pH on 
relaxation and to avoid precipitation I added HCl to each solution to 
adjust the pH to 3.0. NMR experiments were also run on 0.5 M NaCl 
solution with no added metals. 
Data Analysis 
Mean T1 was calculated for experiments repeat
ed on an 
individual core. NMR relaxation parameter T1 , .porosity, and 
permeability were plotted as Log k vs. Log(ef,4r12) so they can be 
compared to the results of the work by Kenyon et al. ( 1986) .and 
Straley et al.(1987). Regression analyses of the T1 , permeability, 
porosity relationship were performed in order to determine the 
validity of Kenyon's relationship or any similar relationship. 
RESULTS 
Sandstone samples 
the sandstone samples studied represent a variety of grain 
sizes, porosities and both primary and secondary mineralogies (Table. 
2). Several samples show secondary calcite cement while others have 
an iron oxide coating on pore s~rfaces. The extent of secondary 
mineralization and surface coatings varied among cores and among 
pores within cores. Some pores were entirely sealed off 1:>y 
mineralization while others appeared unaltered. The iron oxide 
coating was extensive in most samples. The extreme roughness of this 
coating appeared to increase the surface area in these po.res. More 
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TABLE 2. Mineralogy of Sandstone Samples 
MINERALOGY 
SAMPLE GRAIN SIZE (mm) PRIMARY SECONDARY 
Berea ·O .1 - 0. 2 
Deadwood 0.3 - 0.5 
Cloverly 0.2 - 0.4 
Micaceous 0.05 - 0.4 
Ferruginous 0.15 - 0.3 
quartz 
plagioclase 
chlorite 
quartz 
calcite 
glauconite 
quartz 
quartz 
plagioclase 
lithic frags. 
muscovite 
chlorite 
quartz 
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calcite 
iron-,,oxide 
quartz 
iron-oxide 
quartz 
iron oxide 
iron-oxide 
·clays 
detailed petrographic descriptions may be found in appendix III. 
Permeability 
Data from each permeability experiment were plotted in the form 
-log P vs. log(QXC). A least squares regression line for the data 
was expected to have a slope of -1.0 and a Y-intercept equal to 
log k. 
In several experiments, the slope of the least squares 
regression line deviated substantially from the expected value of 
1.0. This deviation was generally caused by data points at the 
highest flow rates and pressures (Fig.6). Anomalous data points with 
pressures higher than expected were attributed to clogging of the 
narrow bore tubing or throats within the core. Dat~ points with 
~nomalously low pressure wer~ attributed to leakage around the core. 
These data were interactively rejected by the method ~reviously 
discussed. After outlier rejection, repeated experiments: on 
individual cores proved to be very consistent (Fig.7). 
Permeability for a core was calculated based on the Y-intercept 
of the regression line both before and after oµtlier rejection. The 
mean of permeabilities calculated for each remaining data point after 
outliet rejection within an experiment was also determined (Appendix 
I). 
Even after outlier rejection, the slope of the plotted data for 
most experiments deviated slightly from the ideal value of -1.0. 
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Figure 6. Per~eabi!ity data before and after outlier rejection. 
Flowrate (Q) in cm /s, length of core (X) in ~m, viscosity(µ) in 
kg/(cm s 2), cross sectional area of core (A) in cml. 
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When extrapolated to the Y-intercept (the value of log k) the small 
error was magnified significantly. For this reason the me.an .of 
permeabilities calculated for all accepted data points in an 
experiment is believed to most accurately represent the permeability 
of a core during an experiment. Mean permriabilities were calculated 
for each experiment, each core, and each hand sample (Table 3). The 
raw data are compiled in Appendix I. The· permeabilities of two of 
the sands~one samples, th~ micaceous and the ferruginous sandstones, 
were too low to collect pressure data above a minimal flow rate (0.2· 
to 0.4 mL min- 1) because of leakage. Due to the limite~ extent of 
the data, a meaningful regression analysis was impossible and thus, 
no data were rejected. Permeability was calculated for each data 
point and the overall mean permeability for each hand ·sample was 
used. 
Analyses of variance were run at three levels. Significant 
variance was found at the 95% confidence level among hand samples, 
among all cores, and among all repeated experiments on individual 
cores except for Deadwood core /14 where no significant variance was 
found among experiments. Analyses of variance were also run at the 
99.5% confidence level (Table 4). Because of limited data, an 
analysis of variance was not run on the micaceous and ferruginous 
sandstones. 
Variance among hand samples was expected as the samples were 
intended to have different permeabilities. Variance among cores can 
be attributed to heterogeneity within the hand samples. This 
variance was great~r than the variance among repeated experiments on 
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TABLE 3. Mean Permeabilities of Sandstone Samples 
SAMPLE COREff EXP.If n LOG PERMEABILITY(K) (cm
2) 
(95% conf.) 
Berea 1 1 15 -8.988 +/-0.013 
Berea 1 2 11 -9.172 +/-0.012 
Berea 1 3 9 -9.151 +/-0.014 
Berea 1 All 35 -9.087 +/-0.031 
Berea 2 1 16 -9.103 +/-0.036 
Berea 2 2 14 -9.386 +/-0.010 
Berea 2 3 13 -9.492 +/-0.007 
Berea 2 4 6 -9.550 +/-0.020 
Berea 2 5 11 -9.440 +/-0.009 
Berea 2 All 60 -9.360 +/-0.043 
Berea 3 1 11 -9.359 +/-0.008 
Berea 3 2 10 -9.390 +/-0.012 
Berea 3 3 10 -9.503 +/-0.038 
Berea 3 4 15 -9.469 +/-0.007 
Berea 3 All 46 -9.433 +/-0.018 
Berea 4 1 24 -9.035 +/-0.022 
Berea 4 2 17 -9.163 +/-0.012 
.':> 
Berea 4 3 13 -9.228 +/-0-.015 
Berea 4 All 54 -9.123 +/-0.024 
Berea All All 195 -9.263 +L-0.026 
Cloverly 1 1 14 -8.900 +/-0.046 
Cloverly 3 1 15 -8.197 +/-0.018 
Cloverly 3 2 16 -8.122 +/-0.043 
Cloverly, 3 3 9 -8.226 +/-0.046 
Cloverly 3 All 40 -8.173 +/-0.024 
Cloverly 3b 1 8 -8.255 +/-0.053 
Cloverly 3b 2 18 -8.200 +/-0.056 
Cloverly 3b 3 10 -8.126 +/-0.060 
Cloverly 3b All 36 -8.192 +/-0.035 
Cloverly 4 1 16 -$.133 +/-0.030 
Cloverly 5 1 15 -8.291 +/-0.064 
Cloverly All All 121 -,.8.272 +L-0.044 
Deadwood 1 1 7 -8.336 +/-0.040 
Deadwood 1 2 11 -8.078 +/-0.022 
Deadwood 1 All 18 -8.178 +/-0.067 
Deadwood 2 1 18 -8.341 +/-0.041 
Deadwood 2 2 10 -8.144 +/-0'.040 
Deadwood 2 3 17 - 8 . 718 +; -o . ·o 5 9 
Deadwood 2 All 45 -8.419 +/-0.015 
Deadwood 3 1 18 -8.862 +/-0.016 
Deadwood 3 2 16 -8.919 +/-0.027 
Deadwood 3 All 34 -8.887 +/-0.018 
Deadwood 4 1 11 -8.004 +/-0;045 
Deadwood 4 2 10 -7.990 +/-0.024 
Deadwood 4 All 21 -7.997 +/-0.024 
Deadwood All All 118 -8.450 +L-0.066 
Mica. ss. All All 21 -11.210 ±L-Q.QZQ 
Ferr. ss. All All 2 -ll1~2Q ±L-2122§ 
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TABLE 4. Results of Analyses of Variance on Permeability Data 
Results Reported as Fcalc/Fcrit(.05) 
Between 
DFa. Experiments cores Handsamples 
Berea 
1 2/32 290.76**;3.30 
2 4/55 276.50**;2.54 
3 3/42 65.52**;2.83 
4 2/51 105.78**;3.18 
3/191 101.01**;2.65 
Cloverly 
1 0/13 
3A 2/37 9_94**/3.26 
3B 2/33 * 4.12 /3.29 
4 0/15 
5 0/14 
4/116 203.93**;3.48 
Deadwood 
1 1/16 201.99**;4.49 
2 2/42 ** 140.68 /3.22 
3 1/32 15.25**;4.15 
4 1/19 0.3q /4 ._38 
"3/114 145.78**/3.96 
2/433 658.193**/3.02 
aDegrees of freedom reported as DF in numerator/OF in 
denominator. 
*variance significant at 95.0% confidence level. 
**variance significant at 95.0. and 99.5% confidence 
level. 
-Experiment was not repeated due to core breakage, no 
analysis of variance run at this level. 
individual cores. Variance among repeated experiments on an 
individual core is attributed to inconsistencies in assembling the 
flow cell. This variance may be diminished in future experiments by 
refinement of the method. 
Porosity 
The sandstone cores were repeatedly saturated and desiccated to 
yield three consecutive porosity values for each core. No gen~ral 
trend .was found in the variance between repeated measurements on a 
core, and the data were not extensive enough to justify an analysis 
of variance. I calculated the mean po~osity for each core and hand 
sample (Tabl~ 5). The raw data are compiled in Appendix II. 
Porosities for the sandstones studied ranged from 13.5 to 20.4%. 
Only one Ferruginous sandstone· core was studied for porosity because 
the other cores fractured before the first porosity measurement could 
be made. 
NMR Re laxa·t ion 
Pore Water 
Measurements of T1 were attempted on five sandstone samples 
after their permeability and porosity had been determined. T1 was 
successfully measured in multiple cores of three of the sandstones 
(Table 6). No clear signal wis attained for pore water relaxation in 
the Micaceous sandstone, and further ·study was abandoned after 
several attempts to measure T1 . The Ferruginous sandstone yielded a 
relaxation signal, but a T1 calculated by the inversion re·covery 
method from this signal was far outside the range of previously 
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Table 5. Porosities Calculated for Sandstone Cores. 
Core Experiment II Porosity(%) Mean Porosity(X)a 
Berea 1 1 19.5 
Berea 1 2 19.1 
Berea 1 3 19.8 
Berea 1 All 19.4+/-0.8 
Berea 3 1 19.1 
Berea 3 2 18 .. 2 
Berea 3 3 19.0 
Berea 3 All 18.8+/-l.3 
Berea 1+3 All 19.1+/-0.5 
Cloverly 1 1 20 .4. 
Cloverly 1 2 19~5 
Cloverly 1 3 20.2 
Cloverly 1 All 20.1+/-l.2 
Cloverly 2 1 17.7 
Cloverly 2 2 18.3 
Cloverly 2 3 18.6 
Cloverly 2 All 18.2+/-l.2 
Cloverly 4 1 20.1 
Cloverly 4 2 19.7 
Cloverly 4 3 20.2 
Cloverly 4 All 20.0+/-0.7 
Cloverly 1,2+3 All 19.4+/-0.7 
Deadwood 4 1 19.0 
Deadwood 4 2 18.3 
Deadwood 4 3 17.9 
Deadwood 4 All 18.4+/-l.4 
Deadwood 5 1 19.6 
Deadwood 5 2 18.8 
Deadwood 5 3 20.2 
Deadwood 5 All 19.5+/-l.7 
Deadwood 4+5 All 18.9+/-0.8 
Micaceous 1 1 13.9 
Micaceous 1 .2 13.7 
Micaceous 1 3 13.7 
Micaceous 1 All 13.8+/-0.2 
Micaceous 2 1 13.9 
Micaceous 2 2 13.5 
Micaceous 2 3 15.0 
Micaceous 2 All 14. l+/-1. ·9 
Micaceous 1+2 All 14.0+/-0.5 
Ferruginous 3 1 14.4 
Ferruginous 3 2 14.5 
Ferruginous 3 3 14.4 
Ferruginous 3 All 14.4+/-0.l 
a95% confidence level 
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TABLE 6. H1NMR T1 Values For Sandstone S
amples 
SAMPLE T1(sec.) MEAN 
B·ereal 0.404 
Bereal 0.413 
Bereal 0.389 0.402 
Berea2 0.315 
Berea2 0.367 0.341 
Berea3 0.316 
Berea3 0.366 0.341 
Berea4 0.321 
B·erea4 0.354 0.338 
Cloverlyl 0.320 
Cloverly4 0.398 
Cloverly5 0.450 
Cloverly5 0.497 0..474 
Deadwoodl 0.757 
Deadwood2 0.697 
Deadwood3 0.539 
Deadwood4 0.680 
Ferruginous not availible 
Micaceous not availible 
aCV(%) - M /SD ean .. 
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S.D. CV(%)a 
0.0121 3.02 
0~0368 10.78 
0.0354 10.37 
0. 0"233 6.90 
0.0332 7.01 
measured pore-wate~ T1 values(>l~). It is believed that this 
anomalous value is due to incorrect programming of the NMR instrument 
and that in the future the Ferruginous sc:,1ndstone may yield useful 
data. 
Bulk Water 
T1 was determined for a number of aqueous solutions (Table 7). 
T1 was determined for 0.SM NaCl solution similar to that which was 
used to saturate the sandstone samples. In addition, r1 was 
determined for solutions of various concentration of .Mn3+ and Fe3+. 
When T1 is plotted as a function of concentration of paramagnetic· 
materials in solution, T1 approaches approximately 0.3 setonds as 
concentration increases (Fig.8). 
The Permeability, Porosity, T1 Relationship 
Regression analyses were performed to determine the nature of 
the correlation between permeability, porosity, and r1 . Two simple 
linear regressions were performed with log permeability as the 
dependent variable, and log porosity and log T1 as independent 
variables (Table 8). I also performed a mµltiple regression using 
both independent variables. The correlation between permeability and 
porosity and permeability and T1 had r
2 values of 11.4% and 52.40% 
respectively. The multiple regression·yielded an r 2 of 83.16%. 
A stepwise regression was performed using the same variables in 
order to determine if each independent variable improves the quality 
of the correlation significantly. The stepwise regression selected 
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TABLE 7. H1NMR T1 VALUES FOR BULK WATER SOLUTIONS 
SAMPLE Tl MEAN S.D. CV(%)a 
0.5M NaCl 2.799 
0.5M NaCl 2.715 
0.5M NaCl 2.739 
0-. SM NaCl 2.706 
0.5M NaCl 2.694 2.731 0.0416 1.52 
+0.4 g/L Fe 2.374 
+0.4 g/L Fe 2.466 
+0.4 g/L F~ 2.408 2.416 0.0465 1.93 
+1.0 g/L Fe 2 .110· 
+2.0 g/L Fe 1.587 
+4.0 g/L Fe l.063 
+10.0g/L Fe 0.514 
+20.0g/L Fe 0.221 
+0.4 g/L Mn 2.385 
+0.4 g/L Mn 2.410 
+0.4 g/L Mn 2.404 :2 .400 0.0131 0.54 
+1.0 g/L Mn 2.261 
+2.0 g/L Mn 1.818 
+4.0 g/L Mn 1.212 
+10.0g/L Mn 0.681 
+LO. Og/L Mn 0.684 0.683 0.0021 0.31 
+20.0g/L Mn 0.338 
aCV(%) ~. Mean/S.D. 
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Figure 8. T1 vs. concentration of paramagnetic ions in solution. 
Various concentrations of paramagnetics were introduced to a 0.SM 
NaCl solution in the form of ferric and manganese nitrate. 
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TABLE 8. Results Of Regression Analyses For T1 , Permeability,Porosity relationship. 
1. 
2. 
3. 
* Model 
lo.gk - n(logef>)+b 
logk = m{logT1)+b 
logk = m(logT1)+n(logef>)+b 
11.45 
52.40 
83.16 
*:k reported in cm2 , 4> in percent, and T1 in ms Adjusted for degrees of freedom 
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Parameters 
n = 15. 30 
b =-28.36 
m = 2.68 
b = -7.80 
m = 3.36 
n = 27.69 
b =-43'.14 
the multiple regression (model 3 in Table 8), containing both 
porosity and T1 as independent variables (eq.14). 
or, 
logk = 2-7.691og<f, +3.361ogT1 -43.14 
logk = log(<f,27 · 69T13 · 36 ) -43.14 
.(14) 
The data from this study were converted to the units used in 
the study by Kenyon et al.(1986)(Table 9). When plotted in the form 
logk vs. log<f,4T1
2
, the data from this study are consistent with the 
data of Kenyon et al.(1986)(Fig. 9). 
DISCUSSION 
The study of fluid flow through a porous medium is of interest 
to scientists involved in a variety of disciplines within the 
geoscience community, both as basic and applied science. Petroleum 
geologists, hydrogeologists, and sedimentologists, to name a few, are 
!nterested in the flow of hydrocarbons, water, natural gases, and 
solutes through porous materials. Permeability, the ease with which . . 
a medium may pass. a fluid through its pore space, is poorly 
understo.od at best. Any insight into the fundamental controls of 
permeability or the development of a technique to determine the 
permeability of a rock without having to perform a Darcian type flow 
experiment would be of great value. 
Great efforts have been made to understand fluid flow in a 
porous material from a fluid me~hanical point of view, but there has 
been little progress made in looking at such syste~s from the 
geochemical point of.view. The study of the physicochemical 
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TABLE 9. DATA FOR REPRODUCTION OF KENYON et al. CORRELATION 
Bereal -9.087 19.45 402 1.913 10.36 
Berea2 -9.360 19.11 341 1.640 10.19 
Berea.3 -9.433 18.76 341 1.567 10.16 
Berea4 -9.123 19.11 338 1.877 10.18 
Cloverlyl -8.900 20.06 320 2.100 10.22 
Cloverly4 -8.133 20.01 398 2.867 10. 40. 
CloverlyS ~8.291 19.43 474 2.709 10.51 
Deadwoodl -8.178 18.95 757 2.822 10.87 
Deadwood2 -8.439 18.95 697 2.561 10·. 80 
Deadwood3 -8.887 18.38 539 2.113 10.52 
Deadwood4 -7.997 19.52 680 3.003 10.83 
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Figure 9. Correlation of log(k) ~d log(~4T12). Data from this stu~ 
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interaction of the pore fluid with pore boundaries may offer
 g_reat 
insight towards understanding the 1>"rocesses that control per
meability 
at the pore scale. 
The Permeability, T1 , Poro~ity Relationship 
The data from this study strongly support a relationship 
between permeability and H
1NMR relaxation time parameter T1 (Table 
8) . Although, based on the data from this study·, there is no way to 
determine the exact origin of this relationship, the relatio
nship is 
better than the correlation betwe·en permeability and porosit
y alone. 
However, the correlation between permeability and porosity s
hould rtot 
be discounted. When a stepwise regression was run on perme
ability 
vs. T1 and porosity, both T1 
and porosity were found to be 
significant (Table 8). The best correlation was in the form of a 
polynomial with r 2 ~ 83.16% (eq.14). 
When written in the same form as the relationship reported b
y 
Kenyon et al.(1986), logk - log(¢4T1
2) +C, the data from this study 
best fit the equation logk = log(¢27 ·
69r1
3
·
36 ) -43.137. T-tests were 
performed on the permeability, porosity and T1 data from thi
s study 
against the coefficients in the model ·of Kenyon et al. (1986). The 
data from this study fit a model with a poros·ity coefficient
 that 
differs from the co·efficient in the model of Kenyon et al. (1986) 
with 9-9.5% confidence and a T1 coefficient that diff
ers at the 95% 
confidence level. 
Although the results of our study support a different 
relationship than Kenyon et al. (1986), this study has independently 
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developed a correlation among permeability, r1 , and porosity. The 
difference in trends of the two data sets may si~ply be due to a 
difference in experimental conditions, such as the magnetic field 
str~ngth in the NMR instrument. 
Pore-Throat Geometry and Permeability 
In order to understand the basis of this strong relationship 
between permeability, porosity and r1 , one considers what controls 
each parameter and what controls they may have in common. When 
:considering the controls on intrinsic permeability, a property of the 
rock independent of the fluid, we often discuss connectivity, the 
inverse of tortuosity. Connectivity describes how well adjacent 
pores are connected. A permeability measurement embraces the 
topologic features that we associate with connectivity but does not 
account for or allow the study of the individual features. 
In an ideal fused glass bead model of a sandstone with 
~pherical gr~ins (Straley et al., 1987), there is only one control on 
connectivity and thus permeability: grain size. As the grain size of 
the matrix decreases, porosity remains constant but the $ize of 
pores, and thus the diameter of throats, decrease ieading to a 
decrease in connectivity and lower permeability. Assuming homogeneous 
grainsize, porosity is insensitive to grain size while permeability 
is sensitive to such variation. For this reason we do not expect to 
see a good relationship between permeability and porosity. 
However, as we look at models of porous media that are more 
irregular and more like a natural sandstone with irregularly shaped 
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grains, connectivity is dependent on both grain shape and gr
ain size. 
Irregularly shaped grains may assum.e a more densely packed s
tructure 
causing both lower permeability and porosity. Although this
 common 
control is ·the basis for the relationship between permeabil
ity and 
porosity, the results of this study,(Table 8) suggest a relatively 
poor correlation between permeability and porosity due to po
rosity's 
insensitivity .to grain s.ize and the topologic complexities o
f 
tortuosity in porous media with irregular grains. 
Unlike porosity, the s_urface-area/pore-volume ratio (As/Vp) is 
sensitive to :both of the primary controls on permeability. 
As grain 
size decreases or grains become more irregular (As/VP) increa~es. 
Therefore, another measurable phenomenon that is dependent o
n the 
As/VP ratio of a porous rock has the potential for a high q
uality 
correlation with permeability. Both theory and the results 
of this 
study suggest that H1NM.R relaxation of a pore fluid is such 
a 
phenomenon (Tabie 8). 
As previously discus·sed, longitudinal relaxation is stimulat
ed 
by the presence· of pore surf aces. Al though the distance .ov
er which 
electrostatic forces between pore ~urfaces and water molecu
les can 
effect relaxation is debatable, it is well-understood that w
ater near 
pore surfaces undergoes more rapid re·laxation. If pores are 
relatively well connected and small, diffusion will smooth s
patial 
gradients in the magnetization between surficial adsorbed wa
ter and 
central bulk water within each pore and betwe.en adjacent pores, 
yielding a single relaxation rate that is related to the As/
Vp ratio 
of the entire pore space (Cohen and Mendelson, 1982.; ·Koenig and 
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Brown, 1984; Schmidt .et al., 1986). Therefore, a gr~at
er As/Vp ratio 
will allow more water molecules to undergo e
xpedited relaxation. As 
molecular diffusion takes place water molecu
les repeatedly encounter 
pore surfaces, causing th~ average. T1 for p
ore water to deer.ease. 
This sensitivity to surface area is one of 
the bases for the strong 
correlation between T1 and permeability
 (Table 8). 
The effects of paramagnetic materials 
During the petrographic study of the sandsto
nes used in this 
project it became clear that in these sandstones, as in m
any 
sedimentary rocks found in nature, there is 
an abundance of 
paramagnetic material. Most samples contai
n ferric oxyhydroxide 
su:rface coatings on grain boundaries. The s
urface coatings were 
extensive but not always uniform. In ~ost c
ases the surface coatings 
exhibited extreme surface roughness, apparen
tly increasing the 
effective surface-area of the pores. The De
adwood Sandstone contains 
glauconite, an iron .rich ~lay, in the mat~i
x. Such findings raised 
some essential questions. What is the effe
ct of paramagnetic 
materials at the pore surface on relaxation
 o_f protons in water 
molecules? What is the effect of paramagne
tics in the matrix on 
relaxation of water. or on the signal receive
d by the NMR instrument? 
We know that paramagnetics in ~ul~ solution
 stimulate 
relaxation,(Fig. 8)(Koenig and Brown, 1984), but we kn
ow little about 
paramagnetic solutions in pores or paramagn
etics in the solid phase. 
In bulk solution, concentrations of Fe and. M
n that are typical of 
natural groundwaters, up to 5.0 mg/Lor so, 
stimulate proton 
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relaxation in water molecules dramatically (Table 7). However, the 
surface coatings in the samples studied contain Fe 3+ which has very 
low solubility in fluids of pH 5.6, the approximate pH of the fluids 
introduced to the cores. Assuming no complexing ligands other than 
OH-, the solubility of. Fe(III) (aq) is given by 
LF_e(III)(aq) = [Fe 3+]+[FeOH2+]+[Fe(OH) 2+]+[Fe(OH) 30]+[Fe(OH) 4 -]. 
Further assuming that Fe(OH) 3(aiil) is the most soluble Fe(III) solid 
_phase and thus controls F·e(III) solubility equilibria, the estimated 
solubility of Fe(III)(aq) at pH 5.6 is -lo- 7 · 5M or 5*l0- 7mgFeL- 1 . The 
effect of dissolved Fe(III) at such low concentrations on NMR 
relaxation is insignificant (Fig.8). 
Although paramagnetics are known t9 stimulate relaxation, ·the 
presence of paramagnetics in the cores studied did not disrupt the 
relationship between permeability and r1. This study produced a good 
correlation between _permeability and T1 . It is suggest~d that no 
significant dissolution of the solid Fe took place and. that solid 
paramagnetics in the form of surface coatings simply acted as an 
additional surficial relaxation stimulant, reinforcing the 
relationship between permeability and T1 . 
In future studies it may be advantageous to chemically analyze 
the effluent dµring flow experiments in order to determine the 
concentration of dissolved paramagnetic species. A chemical analysis 
of effluent may also give us spme ins1ght towards understanding how 
the surface chemistry of pores is altered over the duration of a 
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series of flow experiments. No decreasing or increasing trends in 
permeability over time were noted, but it would be advantageous to 
know if during the course of a flo~ experiment paramagnetics were 
dissolved and removed from the samples. 
Fluid Composition, Mineralogy and Permeability 
I suggest that the electrostatic forces that affect the 
rotation of water molecules, causing a change in the relaxation rate, 
also effett the translation of water molecules by changing the 
water's structure. This altered structure causes a change in 
viscosity and thus effects permeability. This common sensitivity of 
r1 and. permeability to electrostatic interaction
s of. water molecules 
is a second basis for the T1 -permeability relationship. 
Although aqueous pore fluids are extremely dynamic, under 
constant rotational and translational movement, water does have 
structure and short-range order. The degree of fluid structuring 
determines its viscosity (Atkins, 1986). Therefor~, a change in the 
structure of a pore fluid would alter fluid viscosity. Such a change 
in viscosity would cause an apparent change in permeability because 
present .knowledge does not allow distinction or separation of the 
influence of surfaces on viscosity of pore fluid from the 
permeability measurement. 
In pure water, structure is dominated by hydrogen b.onding. 
When water molecules come in contact with dissolved ions or charged 
mineral surface~ other intermolecular potentials add to the 
struc-turing of water (Atkins, 1986). Water molecules in the primary 
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solvation shell of a monovalent cation have a residence time of 10 
. . 
ps, an order of magnitude larger than the residence time of a water 
molecule in tetrahedral c-oordination with its neighbors in bulk water 
(Hertz, 1973). It is known that the motion (rotational and 
translational) and thus structure of water is altered as water 
molecules repeatedly collide with and interact in a solute ion's 
hydration sphere. The resulting change in T1 and viscosity depend on 
ionic strength (Schmidt et al., 1986). 
It is suggested that in addition to ions in s.olut_ion, mineral 
surfaces at pore grain boundaries may have a similar effect on the 
motion and the structure of pore fluids. The el.ectrostatic or 
intermolecular forces between.mineral surfaces and pore water that 
retard the rotation of protons in pore water molecules, leading to 
more rapid relaxation (Banavar and Schwartz, 1987), must also affect 
translational motion to some degree. The retardation in 
translational motion and change in structure of a water molecule from 
one encounter with a mineral surface may seem insignificant. 
However, considering the dynamic nature of water molecules, repeated 
encounters with mineral surfaces compound the retardation in 
translation and cause a time-averaged increase in viscosity. 
Restating equation 3, viscosity can be expanded to account for 
bulk, measured vistosity(µ) and viscosity attributed to the 
interaction of water with the mineral surface(6µ) individually, 
(eq.15). 
ki = -(Q/A) (µ+6µ) (dx/dP) = -(Q/A)µ(dx/dP) - (Q/A)6µ(dx/dP) (15) 
Where ki is the- truly intrinsic permeability, measured ·permeability 
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(km) = - (Q/A)µ(dx/dP) and the apparent change in permeability (c5k) 
d~e to the change in viscosity= -(Q/A)c5µ(dx/dP). Substituting km and 
c5k into equation 15 leads to km= ki-c5k. Such an increase in-
viscosity would lead to km< ki. This perturbation in structure and 
motion of near--surface water, and thus viscosity, is dependent on the 
crystal structure and charge distribution on the surface of b_ounding 
grains (Sposito, 1984) .. In addition, the effect of mineral surfaces 
will depend on the composition and concentration of pore fluid as 
ions in solution may compete with mineral surfaces for the hydration 
of water molecules. 
This common sensitivity of T1 and permeability to electrostatic 
forces between pore fluid and minetal surfaces not only further 
explains the correlation between permeability and r 1 but also raises 
questions about a fundamental principle of fluid flow through rock. 
Is intrinsic permeability independent of fluid characteristics? 
Considering the physicochemical interactions between pore fluid and 
matrix, is it possible to separate fluid characteristics and rock 
characteristics? The results of this _study suggest that permeability 
i~ not a chemically inert phenomenon. Pore flui6 chemistry and the 
fluid mechanics of flow through a porous medium are inseparable. 
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Conclusions 
1) Based on the geometry of the pore-throat system, and the 
physicochemical interaction of pore fluids with grain boundaries, 
permeability and the H1NMR relaxation time parameter T1 of pore 
fluids may be correlated. This study verified such a relationship 
with r 2 =52.40% for logk = 2.68logT1 -7.80. 
2) A strong correlation was found for a model relating both T1 
and porosity to permeability (logk = 3. 36logT1 +.27. 69log</> -43 .14), 
2 0 r =83.16%. Although the coeffic.ients in the binomial relationship 
are different from those in the relationship of Kenyon .et al. (1986), 
this study supports their inclusion of</> in the model. The 
difference in trends of the relationships should be addressed in 
future work! 
3) In small pores, bounded by irregularly shaped grains, the 
As/VP ratio may be extremely high. In such an environment, mineral-
water boundary physicochemical interactions may increase the 
effective ·viscosity of the pore fluid.. The subsequent decrease in 
permeability is dependent on pore fluid chemistry and matrix 
mineralogy. This suggests that the current concept of intrinsic 
permeability is inadequate, as the contribution to viscosity from 
mineral-water interactions is not accounted for. 
4) Paramagnetic ions significantly increase the rate of H
1NMR 
relaxation in bulk water at concentratiorts typical of natural 
groundwater. However, little is known about the effects of 
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p~ramagnetics on relaxation in 'P.ore water. The paramagnetic material 
iri the sandstone cores was .dominantly in the form of· Fe3+ surface 
coatings. lt is believed that little dissolution of paramagnetic 
Fe3+ took place between the time of fluid introduction and NMR 
experimentation. In future studies it would be of value to deter~ine 
the extent of dissolution by studying the composition of the effluent 
in a permeability experiment. In addition it would be interesting to 
know if the paramagneti.c material at the mineral-water boundary is 
acting as an additiqnal surficial relaxation stimulant, reinforcing 
the relationship between permeability and T1 . 
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APPENDIX I 
PERMEABILITY OF SANPSTONE SAMPLES 
Berea core 1 expt.l 
length = 4. 7 cm 
1.0 
1.4 
1.8 
0.4 
0..7 
1.0 
1.8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
6.0 
7.0 
p 
(psi) 
18 
26 
35 
7 
13 
20 
36 
47 
61 
73 
87 
98 
111 
128 
141 
log k slope r n 
-9.2983 -1.0564 -0.9995 15 
no rejections 
-8.988 +/-0.013 
comments 
log k 
( crn2) 
-8. 948.9 
-8.9629 
-8.9829 
-8'.9370 
-8.9639 
-8.9949 
-8.9949 
-8.9859 
-9.0019 
~9.0009 
-9.0099 
-9.0039 
-9.0069 
-9.0229 
-8.9979 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
aLog k was calculated by equation 3 in text 
for each data set. 
bPararneters calculated by linear regression 
before outliers were removed, as explained 
in Methods and Materials of text. 
cPararneters calculated by linear regression 
after outliers were removed, as explained 
in Methods and Materials of text. d . Mean log k for all remaining data after 
outlier rejection. 
1.0 
2.4 
3.0 
3.6 
0.4 
0.7 
1.0 
1.4 
1.8 
2.4 
3.0 
.3. 6 
4.2 
4.8 
5.4 
6.0 
7.0 
log k slope 
-8.4582 -0.8762 
-8.9360 -0.9622 
-9.172 +/-0.012 
Berea core 1 expt.2 
length= 4.7 cm 
p 
(psi) 
33 
71 
87 
101 
12 
22 
30 
42 
55 
71 
88 
102 
104 
111 
118 
140 
160 
r 
-0.9940 
-0.9988 
log k~ 
(cm2) 
-9.2124 
-9.1652 
-9.1564 
-9.1419 
-9.1711 
-9.1923 
-9.1710 
-9.1711 
-9.1793 
-9.1652 
-9.1614 
-9.1465e 
-9.0879e 
-.9.0582e 
-9.0338e 
-9.0620e 
-9.0530e 
n comments 
17 -before outlier rejectionb 
11 -after outlier rejectionc 
-mean log kd (95% confidence) 
eRejected outliers. 
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Berea core 1 expt.3 
length== 4.7 cm 
2 .. 4 
0.4 
0.7 
1.0 
1.4 
1.8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
log k 
-8.9547 
-9.1440 
p 
(psi) 
slope 
-0.9664 
-0.9988 
74 
11 
20 
30 
40 
53 
67 
84 
97 
111 
126 
139 
r. n 
-0.9981 12 
-0.9982 9 
-9.1831 
-9.1333 
-9.1509 
-9.1710 
-9.1500 
-9.1632 
-9.1400 
-9.1412 
-9.1247 
-9.1162e 
-9.1133e 
-9.1049e 
comments 
-before outlier rejectionb 
-after outlier rejectionc 
-9.151 +/-0.014 -mean log kd (95% confidence) 
Berea core 2 expt. 1 
length = 3. 2 cm 
p 
(psi) 
1.0 17 
0.4 5 
0.7 13 
1.0 17 
1.4 25 
1.8 35 
2.4 44 
3.0 61 
3.6 73 
4.2 86 
4.8 91 
5.4 98 
6.0 102 
7.0 101 
8.0 101 
2.4 47 
9.0 92 
log k slope r n 
-8.8893 -0.9642 -0.9759 17 
-9.1902 -1.0154 -0.9853 16 
-9.103 +/-0.036 
56 
-9.0913 
-8.9579 
-9.1298 
-9.0913 
-9.1128 
-9.1500 
-9.1243 
-9.1692 
-9.1682 
-9.1724 
-9.1389 
-9.1201 
-9.0915 
-9.0202 
-8.9622 
-9.1530 
-8.8707e 
comments· 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
2.4 
1.0 
0.4 
0.8 
3.6 
4.2 
4.8 
5·.4 
6.0 
7.0 
8.0 
9.0 
9.9 
0.8 
log k slope 
-9.2829 -0.9814 
no rejections 
-9.386 +/-0.010 
2.4 
1.0 
0.4 
0.8 
1.8 
3.6 
4.2 
4.8 
5.4 
6.0 
7.0 
8.0 
9.0 
log k slope 
-9.3932 a.0.9822 
no rejections 
-9.492 +/-0.007 
Berea core 2 expt. 2 
length== 3.2 cm 
p 
(psi) 
84 
36 
13 
29 
122 
138 
156 
174 
193 
228 
263 
299 
330 
27 
r n 
-0.9994 14 
-. 
-9.4052 
-9.4172 
-9.3728 
-9.4203 
-9.3913 
-9.3778 
-9. ·3730 
-9.3694 
-9.3685 
-9.3738 
-9.3776 
-9.3826 
-9.3844 
-9.3893 
comments 
b f 1 . . . b - e ore out 1er reJett1on 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Berea core 2 expt. 3 
length= 3.2 cm 
p 
(psi) 
105 
44 
17 
35 
81 
157 
181 
204 
227 
250 
290 
333 
369 
r n 
-0.9997 13 
57 
-9.5021 
-9.5043 
-9.4893 
-9.5020 
-9.5144 
-9.5008 
-9.4956 
-9.4895 
-9.4849 
-9.4808 
-9.4783 
-9.4803 
-9.4739 
. comments 
b f 1 . . . b - e ore out 1er reJect1on 
-after outlier rej ectionc 
-mean log k~ (95% confidence) 
1.8 
2 .. 4 
0.4 
0.8 
1.8 
2.4 
3.6 
4.2 
4.8 
5.4 
6.0 
log k slope 
-8.9279 -0.8959 
-9.3088 -0.9591 
-9.550 +/-0.020 
1.0 
0.4 
0.8 
1.8 
2.4 
3.6 
4.2 
4.8 
5.4 
6.0 
7.0 
Berea core 2 expt. 4 
length== 3.-2 cm 
p 
(psi) 
90 
111 
20 
41 
89 
111 
156 
181 
202 
219 
223 
log k · 
(cm2) 
-9.5601 
-9.5262 
-9.5599 
-9.5707 
-9.5553 
-9.5262 
-9.4980 
-9.4956e 
-9.4852e 
-9.4693e 
-9.4312e 
r n comments 
-0.9975 
-0.9989 
11 -before outlier rejectionb 
6 -after outlier rejectionc 
-mean log kd (95% confidence) 
Berea core 2 expt. 5 
length = 3 . 2 cm 
p 
(psi) 
40 
1-5 
32 
69 
90 
133 
154 
175 
201. 
228 
269 
-9.4630 
-9.4350 
-9.4630 
-9.4447 
-9.4351 
-9.4287 
-9.4254 
-9.4229 
-9 .4321 
-9.4408 
- 9 .. 4456 
log k slope r n ·comments 
-before outlier rejectionb 
-9-~3490 -0.9839 -0.9996 11 
no rejections 
-9.440 +/-0.009 
58 
-after outlier rejectionc 
-mean log kd ·(95% confidence) 
1.0 
0.4 
0.7 
1.4 
1.8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
6.0 
log k slope 
-9.4029 -1.0072 
-9.4026 -1.0076 
-9.359 +/-0.008 
0.7 
1.4 
1.8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
6.0 
7.0 
Berea core 3 expt. 1 
length= 2.5 cm 
p 
(psi) 
24 
10 
18 
33 
44 
56 
75 
89 
104 
119 
136 
157 
r n 
-0.9990 12 
-0.9991 11 
log k 
( cm2.) 
-9.3481 
-9.3659 
-9.3782 
-9.3404 
-9.3563 
-9.3361 
-9.3660 
-9.3613 
-9.3619 
-9.3624 
-9.3693 
-9.3857e 
comments 
b f 1
. . 
. b 
- e ore out 1er reJect1on 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Berea core 3 expt. 2 
length= 2.5 cm 
p 
(psi) 
17 
36 
48 
63 
80 
94 
111 
130 
146 
168 
216 
log k 
( cm2) 
-9.3533 
-9.3782 
-9.3941 
-9.3872 
-9.3940 
-9.3850 
-9.3902 
-9.4008 
-9.4002 
-9.4151 
-9.4573e 
--=-1 o~g,_.._..k~--=s-=l~op ..... e.;.._ _____ r ______ n ___ c_o_rnrn_e_n_t_s 
b 
-9.7784 -1.0677 -0.9989 11 -before outlier rejection 
-9.6684 -1.0490 -0.9997 10 -after outlier rejectionc 
-9.390 +/-0.012 -mean log kd (95% confiden
ce) 
59 
·o.4 
0.7 
1.4 
1.8 
2.4 
3.0 
3.6 
6.0 
7.0 
8.0 
log k slope 
-9.8104 -1.0535 
no rejections 
-9.503 +/-0.038 
2.4 
0.4 
0.7 
1.4 
1.8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
6.0 
7.0 
8.0 
9.0 
Berea core 3 expt. 3 
length= 2.5 cm 
p 
(psi) 
12 
21 
47 
63 
86 
110 
135 
238 
272 
221 
r n 
-0.9944 10 
log k 
(cm2) 
-9.4451 
-9.4451 
-9.4939 
-9.5122 
-9.5224 
-9.5323 
-9.5422 
-9.5665 
-9.5575 
-9.4093 
comments 
b f 1 . 
. . b 
- e ore out 1er reJect1on 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Berea core 3 expt. 4 
length= 2.5 cm 
p 
(psi) 
76 
12 
21 
44 
60 
79 
97 
116 
133 
152 
170 
190 
221 
254 
287 
log k 
(cm2) 
-9.4687 
-9.4451 
-9 .. 4451 
-9.465-3 
-9.4910 
-9.4855 
-9.4777 
-9.4764 
-9.4687 
-9.4687 
-9.4663 
-9.4686 
-9.4673 
-9.4697 
-9.4721 
log k slope r n comments 
-before outlier rejectionb 
-9.5537 -1.0150 ~0.9996 15 
no rejections 
-9.469 +/-0.007 
60 
-after outlier rejectionc 
-mean log kd (95% confidence) 
0.4 
0.7 
1.0 
1.8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
6.0 
7.0 
8.0 
2.4 
3.0 
4.2 
5.4 
6.0 
7.0 
3.0 
1.0 
0.7 
0.4 
3.6 
1.8 
1.0 
6.0 
7.0 
8.0 
log k slope 
-9.4141 -1.0643 
-9.2361 -1.0344 
-9.035 +/-0.022 
Berea core 4 expt. 1 
length= 2.95. cm 
p 
(psi) 
5 
9 
12 
21 
27 
37 
45 
54 
62 
71 
80 
103 
137 
33 
44 
·66 
91 
105 
120 
44 
16 
10 
6 
55 
25 
14 
102 
121 
136 
r n 
-0.9924 29 
-0.9913 24 
61 
-8. ·9940 
-9.0062 
-8.9762 
-8.9632 
-8.9474 
-8.9882 
-8.9932 
-9.0054 
-9.0074 
-9.0153 
-9.0221 
-9.0648e 
-9.1307e 
-9.0345 
-9.0634 
-9. 092·5 
-9.1230 
-9.1402 
-9.1312e 
-9.0634 
-9.1011 
-9.0520 
-9.0731 
-9.0804 
-9.0389 
-9.0431 
-9.1276 
-9.1348e 
-9.1275e 
comments 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Berea core 
length= 
Q p 
(mL min - l) (psi) 
2.4 46 
3.6 71 
0.4 7 
0.7 12 
1.0 18 
1.8 35 
2.4 46 
3.0 60 
3.6 70 
4.2 82 
4.8 89 
5.4 101 
6.0 108 
7.0 127 
8.0 141. 
3.6 62 
1.0 17 
log k slope r n 
-9.2832 -1.0213 -0.9984 17 
no rejections 
-9.163 +/-0.012 
62 
4 expt. 2 
2.95 cm 
log k 
( cm2) 
-9.1787 
-9.1912 
-9.1400 
-9.1311 
-9.1522 
-9.1849 
-9.1787 
-9.1980 
-9.1850 
-9.1867 
-9.1643 
-9.1682 
-9.1523 
-9.1557 
-9.1431 
-9.1323 
-9.1273 
comments 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Berea core 
length= 
Q p 
(mL min- 1 ) (.psi) 
2.4 51 
3.6 81 
0.7 13 
1.0 21 
1.8 40 
2.4 53 
3.0 67 
4.2 98 
4.8 106 
5.4 118 
6.0 123 
7.0 143 
8.0 167 
log k slope r n 
-9.3756 -1.0266 -0.9974 13 
no rejections 
-9.228 +/-0.015 
63 
4 expt. 3 
2.95 cm 
log k 
(cm2) 
-9.2235 
-9.2484 
-9.1658 
-9.2191 
-9.2430 
-9.2402 
-9.2460 
-9.2641 
-9.2402 
-9.2358 
-9.2089 
-9.2072 
-9.2166 
comments 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confiderice) 
Cloverly core 1 expt. 1 
length== 3.0 cm 
Q 
(mL min - l) 
2.4 
0.4 
0.8 
1.8 
2.6 
5.0 
8. 0 
9.0 
8.0 
9.0 
8.0 
7.0 
6.0 
5.0 
4.6 
3.6 
2.6 
1.8 
p 
(psi) 
28 
3 
8 
20 
30 
57 
101 
151 
127 
141 
114 
87 
65 
52 
44 
32 
22 
14 
log k slope 
·-10.0424 -1.2012 
-9.6692 -1.1375 
r. n 
-0.9907 18 
-0.9894 14 
-8.900 +/-0.046 
64 
log k 
.(cm2) 
-8.9561 
-8.7640 
-8.8890 
-8.9349 
-8.9510 
-8.9458 
-8.9902e 
-9.1138e 
-9.0897e 
-9.0841e 
- 9·. 0428 
-8.9834 
""8. 923.8 
-8.9059 
-8.8703 
-8.8380 
-8.8162 
-8.7800 
comments 
-before outlier rejectionh 
-after outlier rejectioric 
-mean log kd (95% confidence) 
2.4 
1.4 
0.8 
1.4 
2.5 
3.5 
4.~ 
5.5 
6.5 
7.5 
8.5 
9.5 
6.5 
5.5 
3.5 
log k slope 
-8.1956 -0.9998 
no rejections 
-8.197 +/-0.018 
Cloverly core 3 expt. 1 
length== 1.95 cm 
P' 
(psi) 
3 
2 
1 
2 
3 
5 
5 
7 
9 
10 
12 
12 
9 
7 
5 
r n 
-0.9946 15 
65 
-8.1730 
-8.2309 
-8.1728 
-8.2309 
-8.1560 
-8.2308 
-8.1218 
-8.1810 
-8.2181 
-8.2009 
-8.2261 
-8.1781 
-8.2181 
-8.1810 
-8.2308 
comments 
·-before outlier rej ectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
2.4 
1.4 
0.8 
1.4 
2.5 
3.5 
7.5 
8.5 
9.5 
6.5 
7.5 
8.5 
9. 5· 
6.5 
5.5 
4.5 
3.5 
2.5 
1.·5 
log. k slope 
-6.1142 -0.6588 
-7.4846 -0.8884 
-8.122 +/-0.043 
Cloverly core l expt. 2 
length= 1.95 cm 
p 
(psi) 
2 
2 
1 
2 
2 
4 
2 
2 
6 
7 
8 
9 
9 
7 
6 
.4 
5 
3 
2 
r n 
-0.7568 19 
-0.9701 16 
66 
-7.9969 
-8.2309 
-.8.1729 
-8.2309 
-7.9799 
-8.1340 
-7.5019e 
-7.4479e 
-7.8770e 
-8.1090 
-8.1040 
-8.1011 
-8.0531 
-8.1090 
-8.1140 
-8.0250 
-8.2308 
-8.1560 
-8.2009 
comments 
-before outlier rejectlonb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
2. 5. 
3.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
log k slope 
-7.8287 -0.9304 
-7.9790 -0.9564 
-8.226 +/-0.046 
2.4 
1.4 
0.8 
1.4 
2.5 
3.5 
6.5 
7.5 
8.5 
9.5 
6.5 
3.5 
log k slope 
-7.2798 -0.8375 
-8.2854 -1.0150 
-8.255 +/-0.053 
Cloverly core 3 expt. 3 
length== 1.95 cm 
p 
(psi) 
4 
6 
2 
3 
.6 
6 
7 
9 
9 
11 
12 
r n 
-0.9752 11 
-0.9641 9 
-8.2809 
-8.3110 
-8.2019 
-8.1500 
-8.3110 
-8.2020 
-8.1809 
-8.2181 
- 8 .1790 
-8.i882e 
-8.1780e 
comments 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Cloverly core 3b expt. 1 
length = 1. 70 cm 
p 
(psi) 
4 
2 
1 
2 
.3 
4 
7 
7 
9 
9 
7 
5 
r n 
-0.9836 12 
-0.9763 8 
67 
-8.3580 
-8.2909 
-8.2329 
-8.2909 
-8.2150 
-8.1940 
-8.1680e 
-8.1060e 
-8 .1611 e. 
-8.112le 
-8.1680 
-8.2908 
comments 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
2.4 
1.4 
1.4 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
8.5 
7.5 
6.5 
5.5 
4.5 
3.5 
1.4 
Cloverly core 3b expt. 2 
length= 1.70 cm 
p 
(psi) 
2 
2 
2 
3 
5 
7 
9 
11 
12 
.9 
9· 
9 
7 
6 
6 
4 
4 
1 
-8.0569 
-8.2909 
-8.2909 
-8.2150 
-8.2908 
-8.3280 
-8.3501 
-8.3643 
-8.3327 
-8.1611 
-8.1121 
-8.1611 
-8.1060 
-8·.1010 
-8.1740 
-8.0850 
-8.1940 
-7.9899 
log k slope r n comments 
-before outlier ·rej ectionb 
-8.2854· -1.0150 -0.9301 18 
no ~ejections 
-8.200 +/-0.056 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Cloverly ~ore 3b expt. 3 
length= 1.70 cm 
2.5 
3.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
log k slope 
-7.9516 -0.9266-
no rejections 
-8.126 +/-0 .. 060 
p 
(psi) 
2 
2 
3 
4 
5 
6 
6 
6 
9 
9 
r n 
-0.9266 10 
68 
log k 
( cm2 ) 
-8.0390 
-7.9900 
-8.2150 
-8.2450 
-8.1820 
-8.1740 
-8.1010 
-8 .. 0390 
-8.1610 
-8.1120 
comments 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
2.4 
1.4 
0.4 
1.4 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
4.5 
3.5 
2.5 
1.4 
log k slope 
-8.0953 -0.9931 
np rejections 
-8.133 +/-0.030 
Cloverly core 4 expt. 1 
length= 3.70 cm 
p 
(psi) 
6 
3 
1 
3 
5 
9 
9 
12 
16 
1.7 
21 
20 
8 
7 
4 
3 
r n 
-0.9878 16 
69 
-8.1960 
-8.1290 
-8.1959 
-8.1290 
-8.0988 
-8.2081 
-8.0991 
-8.1371 
-8.1890 
-8.1533 
-8.1911 
-8.1229 
-8.0480 
-8.0990 
-8. 0020 
-B .1290 
comments 
b f 1 . . . b - e ore out 1er reJect1on 
-after outlier rejectionc 
-mean log kd (95% confidence) 
2.4 
0.4 
1.4 
2.5 
3.5 
4.5 
5.5 
6.5 
7·. 5 
8.5 
9.5 
7.5 
5.5 
3.5 
1.4 
Cloverly core 5 expt. 1 
length== 3.10 cm 
p 
(psi) 
6 
1 
2 
6 
10 
12 
17 
21 
23 
28 
32 
22 
16 
9 
2 
log k 
(cm2) 
-8.2730 
-8.2730 
-8.0300 
-8.2550 
-8.3309 
-8.3011 
-8.3653 
-8.3841 
-8.3620 
.-.8.3931 
-8.4020 
-8.3423 
-8.3390 
-8.2851 
-8.0300 
log k slope r n comments 
-before outlier rejectionb -9.4362 -1.2090 -0.9829 15 
no rejections 
-8.291 +/-0.064 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Deadwood core 1 expt. 1 
length= 1.50 cm 
1.4 
0.8 
1.4 
4.5 
2 .. 5 
3.5 
4.5 
5.5 
6 .·5 
log k slope 
-9.7289 -1.2279 
-8.8659 -1.0882 
-8.336 +/-0.040 
p 
(psi) 
2 
1 
2 
7 
3 
5 
7 
13 
14 
r 
-0.9846 
-0.9939 
70 
n 
9 
7 
log k 
(cm2) 
-8.3450 
-8.2870 
-8.3450 
-8.3821 
-8.2691 
-8.3449 
-8.3821 
-8.5639e 
-8.5231e 
comments 
-before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
·2. 5 
1.4 
1.4 
2.5 
3.5 
4.5 
5.5 
6.5 
1.5 
8.5 
9.5 
log k slope 
-a.1120 -1.0060 
no rejections 
-8.078 +/-0.022 
Q 
(mL _min- 1 ) 
2.5 
1.4 
0.4 
0.8 
1.4 
1.8 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
7.5 
5.5 
3. 5 
1.4 
Deadwood core 1 expt. 2 
length = 1. 50 cm 
p 
(psi) 
2 
1 
1 
2 
3 
4 
4 
5 
6 
6 
7 
log k 
(cm2) 
-8.0929 
-8.0439 
-8.0439 
-8.0929 
-8.1230 
~8.1390 
-8.0520 
-8.0759 
- 8·. 0930 
-8.0390 
-8.0580 
r n comments 
-0.9938 11 -before outlier rejec.tionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Deadwood core 2 expt. 1 
length= 2.15 cm 
p 
(psi) 
4 
2 
1 
2 
3 
3 
5 
8 
10 
14 
17 
16 
18 
22 
14 
11 
6 
2 
-8.2380 
-8.1889 
-8.4319 
-8.4319 
-8.3650 
-8.2620 
-8.3349 
-8.3930 
-8.3809 
-8.4400 
-8.4513 
-8.3630 
-8.3602 
-8.3983 
-8.3050 
-8.3353 
-8.2680 
-8.1889 
log k slope r n comments 
-before outlier rejectionb -8.5351 -1.0339 -0.9797 18 
no rejections 
-8.341 +/-0.041 
71 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Q 
(mL min- 1 ) 
2.5 
1.4 
1.4 
1 .. 8 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
5.5 
2.5 
log k slope 
-6.7777 -0.7655 
-7.8716 -0.9527 
-8.144 +/-0.040 
Deadwood core 2 expt. 2 
length== 2.15 cm 
p 
(psi) 
3 
2 
2 
2 
4 
4 
5 
8 
7 
6 
8 
7 
7 
3 
r n 
-0.9524 14 
-0.9688 10 
72 
-8.1130 
-8.1889 
-8.1889 
-8.0859 
-8.2380 
-8.0920 
-8.0799 
-8.1970 
-8.0660e 
-7.9370e 
-8.0080e 
-7.90.lOe 
-8.1390 
-8.1130 
comments 
-befo·re outlier rej ectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
Deadwood core 2 expt. 3 
length= 2.15 cm 
Q p log k 
(mL min~ 1) (psi) (cm2) 
2.5 12 
-8.7151 
1.4 5 
-8.5869 
0.4 2 
-8.7329 
0.8 3 
-8.6080 
1.4 5 
-8. 58.69 
1.8 7 
-8·. 6300 
6.5 96 
-9.2032e 
7.5 66 
-8.9784e 
8.5 83 
-9.0240e 
9.5 103 
-9.0687e 
7.5 66 
-8.9784 
6.5 53 
-8.9452e 
3.5 19 
-8.7686 
2.5 13 
-8.7498 
1.4 5 
-8.5868 
0.4 2 
-8.7329 
2.5 13 
-8 .. 7498 
4.5 27 
-8.8123 
6.5 47 -8.8930e 
7.5 57 -8.9148e 
8.5 72 -8.9622e 
9.5 91 -9.0149e 
7.5 58 
-8.9223 
5.5 38 
-8.8737 
2.5 11 
-8.677°3 
1.4 5 
-8.5868 
log k slope r n 
-10.7140 -1.3332 -0.9819 26 
comments 
-befo.re outlier rejectionb 
-9.8979 ~1.2001 -0.9794 17 -aft~r out.lier rejectionc 
-8.718 +/-0.059 -mean log kd (95% confidence) 
73 
2.5 
1.4 
0.4 
1.4 
1.8 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
7.5 
5.5 
3-.5 
1.4 
0.4 
log k slope 
-8.9444 -1.0141 
no rejections 
-8.862 +/-0.016 
Deadwood core 3 expt. 1 
length = 1. 60 cm 
p 
(psi) 
13 
7 
2 
7 
8 
13 
17 
21 
28 
34 
48 
42 
48 
35 
28 
16 
7 
2 
r 
-0.9971 
74 
-8.8778 
-8.8610 
-8.8609 
- 8. 8610· 
-8.8099 
-8.8778 
-8.8483 
-8.8311 
-8.8691 
-8.8804 
-8.9681 
-8.8561 
-8.8661 
-8.8310 
-8.8691 
-8.8220 
-8.8610 
-8.8609 
n comments 
18 -before outlier rejectionb 
-after outlier rejectionc 
-mean log kd (95% confidence) 
L 
2.5 
1.4 
0.8 
1.4 
1.8 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
7.5 
5.5 
3.5 
1.4 
0.4 
.log k slope 
-8.7490 ~0.9716 
-8.8027 -0.9803 
-8.919 +/-0.027 
2.5 
0.8 
1.8 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
log k slope 
-8.2164 -1.0392 
no rejecti.ons 
-8.004 +/-0.045 
Deadwood core 3 expt. 2 
length== 1.60 cm 
p 
(psi) 
16 
9 
5 
9 
11 
16 
21 
27 
33 
39 
41 
47 
48 
36 
28 
16 
7 
2 
r 
-0.9919 
-0.9904 
-8.9680. 
-8.9701 
-8.9579 
-8.9701 
-8.9483 
-8.9680 
-8.9401 
-8.9403 
-8.9404 
-8.9400 
-8.8997 
-8.9050e 
-8.866le 
-8.8432 
-8.8691 
-8.8220 
-$.8610 
-8.8609 
n Comments 
18 -before outlier rejectionb 
16 -after outlier rejectionc 
-mean log kd (95% confidence) 
Deadwood core 4 expt. 1 
length== 3.40 cm 
p 
(psi) 
4 
1 
2 
5· 
6 
7 
8 
9 
11 
12 
14 
r n 
-0. 9820 11 
75 
-8.0390 
-7.9319 
-7.8809 
-8.1359 
-8.0690 
-8.0270 
-7.9980 
-7.9761 
-8.0013 
-7.9851 
-8 .. 0030· 
comments 
. b f 1· . . b 
~~ore out 1er reJect1on 
-after outlier rejectionc 
-mean log kd (95% confidence) 
2.5 
1.4 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
Deadwood core 4 expt. 2 
length = 3 .· 40 cm 
p 
(psi) 
3 
2 
4 
5 
6 
8 
10 
11 
12 
14 
-7.9130 
-7.9899 
-8.0390 
-7.9899 
-7;9600 
-7.9980 
-8.0219 
-8.0013 
-7.9851 
-8.0030 
comments 
.,. 
log k slope r n 
-8.1380 -1.0276 -0.9928 10 
no rejections 
-before outlier rejectionb 
-after outlier rejectionc 
- 7 . 9 9 0 + /- 0 . 0 2 4 -mean log kd (95% confidence) 
0.1 
0.1 
0.1 
0.2 
Micaceous ss. core la expt. 1 
length= ·3.30 cm 
p 
(psi) 
157 
log k 
(cm2) 
-11.0440 
Micaceous ss. core 1~ expt. 1 
length= 1.30 cm 
p 
(psi) 
133 
135 
181 
76 
-11.4490 
-11.3833 
-11.2073 
Q 
(mL min- 1) 
0.1 
0.2 
0.1 
0.2 
Q 
(rnL min- 1) 
0.1 
0.2 
Q 
(rnL min- 1) 
0.1 
0.1 
Micaceous ss .. core 2a ·expt. 1 
length= 2.10 cm 
p log k 
(psi) (cm2) 
187 -11.3158 
331 -11.2615 
183 -11~3064 
330 -11.2602 
Micaceous ss. core 2a expt. 2 
length= 2.10 cm 
p log k 
(psi) ( crn2) 
303 -11.5254 
475 -11.4:189 
Micaceous ss. core 2a expt. 3 
length= 2.10 cm 
p log k 
(psi) ( crn2) 
306 -11.5297 
Micaceous ss. core 3a expt. 1 
length= 1.95 cm 
p 
(psi) 
315 -11.5743 
77 
0.2 
0.1 
0.2 
0.3 
0.2 
0.1 
0.2 
0.3 
0.4 
Micaceous ss. core lb expt. 2 
length= 1.30 cm 
p 
(psi) 
171 
91 
180 
227 
153 
80 
160 
235 
286 
log k 
(cm2) 
-11.185 
-11.2068 
-11.·2024 
-11.1272 
-11.1310 
-11.1506 
-11.1507 
-11.1405 
-11.1028 
log k = -11.270 +/-.070 mean for all Micaceous ss. 
at 95% confidence level. 
Q 
( . -1) rnL min 
0.1 
Ferruginous ss. core 1 expt. 1 
length= 2.30 cm 
p 
(psi) 
401 -11.6061 
78 
0.1 
0.2 
0.1 
0.2 
0.1 
0.2 
0.3 
0.1 
Ferruginous ss. ·core 2 expt. 1 
length= 2.30 cm 
p 
(psi) 
455 
548 
330 
560 
323 
551 
640 
-11.6620 
-11.4428 
-11.5225 
-11.4522 
-11.5132 
-11. 4450. 
-11.3340 
Ferruginous ss~ core 3 expt. 1 
length = 2 ·. 40 cm 
p 
(psi) 
551 
-11.7388 
log k = 11.520 +/-.096 mean for all Ferruginous ss. 
at 95% confidence level. 
79 
APPENDIX II 
POROSITY DATA 
FIRST RUN 
SAMPLE VB (mL) MsAT (g) MDRY (g) Ve (rnL) C (%) 
Berea 1 0.97 2. 3106 2 .1242 0.1891 19.50 
2 .3117 
2.3090 
Berea 3 1.21 2.8975 2.6730 0.2308 19.08 
2.9041 
2.8991 
Cloverly 1 0.80 1.8937 1.7304 0.1635 20.44 
l.8907 
1.8897 
Cloverly 2 1.38 3. 2268 2 .·9907 0.2403 17.68 
3.2378 
3.2283 
Cloverly 4 0.93 2.2633 2.0803 0.1873 20.14 
2. 2646 
2.2662 
Deadwood 4 0.95 2.2668 2.0866 0.1804 18.99 
2.2616 
Deadwood 5 2.43 5. 8691 5.4198 0.4766 19.61 
5. 9091 
Micaceous 1 0.79 1.9977 1.8899 0.1098 13.90 
1.9985 
Micaceous 2 1.20 3.1138 2.9481 0.1674 13.95 
3.1155 
Ferrugenous 1.39 3. 3 7 3'9 3.1765 0.2003 14.41 
3.3741 
3.3731 
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SECOND RUN 
SAMPLE VB (mL) MSAT (g) MDRY (g) Ve (mL) C (%) 
Berea 1 0.98 2.3011 2.1184 0.1871 19.09 
2.3038 
2.3030 
Berea 3 1.20 2.8764 2.6672 0.2180 18.16 
2.8844 
2.8847 
Cloverly 1 0.78 1.8705 1.7233 0.1523 19.52 
1.8767 
1.8726 
Cloverly 2 1.40 3.2316 2.9872 0.2567 18.34 
3.2633 
3. 2-251 
Cloverly 4 0.95 2.2362 2.0597 0.1869 19.67 
2.2425 
2.2404 
Deadwood 4 0.97 2.2548 2.0785 0.1771 18.26 
2. 2565· 
2.2474 
De-adwood 5 2.55 5.8851 5.4011 0.4790 18.78 
5.8767 
5.8564 
Micaceous 1. 0.80 1.9940 1.8878 0.1100 13.75 
1.9960 
1.9983 
Micaceous 2 1.23 3.1097 ·2. 9426 0.1661 13.51 
3.1034 
3.1054 
Ferrugenous 1.38 3.2485 3.0433 0.1997 14·.47 
3.2358 
3.2355 
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THIRD RUN 
·sAMPLE VB (mL) MSAT (g) MDRY (g) Ve (mL). c (%) 
Berea 1 o .. 98 2.3111 2. 1169 0.1936 19.76 
2.3028 
2.3088 
Berea 3 1.21 2.8941 2.6689 0.2304 19.05 
2.9019 
2.8914 
Cloverly 1 0.79 1.8798 1.7223 0.1597 20.21 
1.8810 
1.8778 
Cloverly 2 1.40 3.2502 2.9864 0.2611 18.65 
3.2439 
3.2364 
Cloverly 4 0.98 2.2433 2.0586 0.1980 ·20 .21 
2.2594 
2.2581 
Deadwood 4 0. 98. 2.2410 2.0760 0.1762 17.90 
2.2520 
·2. 2532 
Deadwood 5 2.53 5.9022 5.3714 o·. 5102 20.17 
5.8524 
5.8667 
Micaceous 1 0.80 1. 9955· 1.8837 0-.1098 13.73 
1.9922 
1.9878 
Micaceou.s 2 1. 21 3.1085 2.9377 0.1813 14.98 
3-.1397 
3.1004 
Ferrugenous 1.39 3.2387 3.0426 0.2002 14.40 
3.2423 
3.2382 
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APPENDIX III 
PETROGRAPHY OF SANDSTONE SAMPLES 
Berea Sandstone 
Grain size: 0.1 to 0.2 mm 
Color: Gray 
% matrix: 10 - 15% 
Mineralogy of framework grains(%): 
quartz 70 
polycrystalline quartz 15 
lithic fragments 10 
plagioclase 5 
Mineralogy .of matrix: 
secondary calcite 
iron oxide 
Shape of framework grains: 
Sub-rounded and well sorted 
Comments: Iron staining is not uniformly dispersed 
but is concentrated in plains parallel to 
primary bedding. 
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Deadwood Sandstone 
Grain size: 0.3 to 0.5 mm 
Color: .Gray 
% matrix: 10 - 20% 
Mineralogy of framework grains(%): 
quartz 
calcite 
Mineralogy of matrix: 
75 
15 
secondary quartz overgrowths 
glauconite 
Shape of framework grains: 
Sub angular to sub-rounded 
Comments: Some iron stai_ning noticed in hand sample 
isolated to small fractures.- Hand sample 
appears somewhat heterogeneous at the nun to 
cm ~cale. 
Cloverly Sandstone 
Grain size: 0.2 to -0.4 nun 
Color: Red 
% matrix: 20% 
Mineralogy of framework grains(%): 
quartz 95 
polycrystalline quartz 5 
Mineralogy of matrix: 
iron-oxide 
secondary quartz overgrowths 
Shape of framework grains: 
Sub angular 
Comments: Iron oxide is disperse.d relatively uniformly. 
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Micaceous Sandstone 
Grain size: 0.05 to 0.4 mm 
Color: dark brown 
% matrix: 5 to 20% 
Mineralogy of framework grains(%): 
quartz 
lithic fragments 
plagioclase 
muscovite 
chlorite 
Miner~logy of matrix: 
iron-oxide 
55 
20 
10 
10 
5 
miprocrystalline quarts 
I, . 
., l 
•. / 
Shape of framework grains: 
Angular to Sub angul'ar 
Comments: M1.neralogy of the sample is quite homogeneous, 
and poorly sorted. 
Ferrugenous Sandstone 
Grain size: 0.15 to 0.3 mm 
Color: Red 
% matrix: 15 - 20% 
Mineralogy of framework grains(%): 
quartz 90 
polycrystalline quartz 10 
Mineralogy of matrix: 
iron-oxide 
secondary quartz overgrowths 
clays 
Shape of framework grains: 
Sub-angular to sub-rounded 
Comments: Al terna.ting coarse and fine beds dominate the 
texture. Irort oxide is concentrated in the 
finer grained beds. 
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